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Introduction
Spinel ferrites MFe 2 O 4 , where M 2+ is a divalent metal cation, are an important class of magnetic materials, which have been intensively investigated over the last few decades due to good combination of electrical and magnetic properties. These materials are technologically interesting because of high electrical resistivities and consequently low eddy current losses, as well as high dielectric constant, high initial permeability and moderate saturation magnetization [1] . Polycrystalline ferrites are widely used in electronic applications in a range of frequencies extending from microwave to radio frequency.
Most of the ferrospinels form cubic spinel-type structure with the distribution of cations between two different coordinated interstitial lattice sites, tetrahedral (A) and octahedral [B] sublattices. The divalent metal cation M 2+ can occupy the either (A) or [B] sites or both sites of the spinel structures. Generally, the structura of spinel ferrites could be described with the (M 1-λ Fe λ )[M λ Fe 2-λ ]O 4 formula, where λ is the so-called inversion degree defined as the fraction of tetrahedral (A) sites occupied by trivalent Fe 3+ cations and its value depends on the method of preparation [2] . Typically two extreme type of spinel structure can be found, normal and inverse spinel, but in practice a mixed spinel structure are often observed, especially in the case of nanocrystalline ferrites. If metal cation M 2+ occupies only the (A) sites, the spinel is normal (λ=0); but in the case when it occupies only the [B] sites, the spinel is inverse (λ=1). The mixed spinel structure has the cations distributed in a combined mode, M 2+ occupying both (A) and [B] sites. In addition, the magnetic, dielectric and electrical properties of spinel ferrites can be varied systematically by changing the identity of the divalent M 2+ cations (M= Ni, Zn, Mn, Mg, Co etc.) without changing the spinel crystal structure [3] .
Among spinel ferrites, the magnesium (MgFe 2 O 4 ) and manganese (MnFe 2 O 4 ) ferrites are soft magnetic semiconducting materials characterized by low dielectric losses and high resistivity due to their dielectric nature. Previous experimental studies have shown that MnFe 2 O 4 belongs to the partially inverse spinel, where in the bulk form 20% of the Mn 2+ cations residing on the octahedral sublattice, while a higher inversion up to 60% were reported in nanostructured manganese ferrite [4] . Also, it has been reported that the spinel structure of MgFe 2 O 4 bulk material is nearly inverse with 90% of Mg 2+ cations distributed over [B] sites, and that inversion factor decreases to about 70% for the magnesium ferrite nanoparticles [5] . Electrical as well as magnetic properties of spinel ferrites strongly depend on the cation distribution at the different sites as well as method of preparation, sintering temperature, particle size, doping of additives etc. [6] . Currently, the synthesis of reproducible ferrites is being carried out by various techniques in order to improve their physical properties and widen the scope of their applications. Several methods such as co-precipitation [4, 6, 7] , sol-gel [8, 9] , combustion [5, 8] , ball milling [10, 11] etc. have been used for successful preparation of magnesium and manganese ferrites in recent years.
In the present paper, we have reported the electrical properties of MgFe 2 O 4 and MnFe 2 O 4 ferrites prepared by a conventional sintering of nanosized powders synthesized by soft mechanochemical processing that is environmentally friendly, does not require expensive starting materials or extremely high temperature [12] . In order to understand the conduction mechanism, electrical properties associated with grains and grain boundaries in these synthetized nanocrystalline ceramic materials were studied as a function of frequency and temperature using complex impedance spectroscopy technique.
Complex impedance formalism
Complex impedance spectroscopy [13] is a non-destructive and widely used testing method for analysing the electrical processes occurring in materials on the application of small AC signal as input perturbation. To understand the overall properties of electroceramics, electrical information associated with its microstructures is very important. Impedance spectroscopy has the capability to resolve the effect of grains and grain boundaries, two main components which comprise the microstructure of ceramics. In this technique, the real and imaginary parts of complex electrical parameters (impedance, modulus or dielectric permittivity) are measured as a function of frequency and temperature. Generally, the complex impedance can be expressed by using the classical Debye expression [14] ), (
where ω and τ are the angular frequency and the relaxation time, respectively. Here, Z' and Z'' represent the real component of impedance and imaginary component of impedance, respectively.
The charge transport behavior of the electroceramics and its relation to the different microstructures (phases) are studied by means of the impedance spectra. The impedance spectrum, known as Cole-Cole plot, is usually represented as Z'' against Z'. The Cole-Cole plot of polycrystalline material commonly gives two semicircles depending upon the electrical properties of investigated material. The first semicircle at low frequency represents the resistance of grain boundary, while the second one obtained for high frequency domain corresponds to the resistance of grain or bulk properties [15] . It is well-known that the behaviour of characteristic impedance spectra is usually interpreted in terms of equivalent circuit model. From the microstructural point of view, each of ceramic components (i.e. grains and grain boundaries) may be represented by a R-C element (resistor R and capacitor C in parallel combinations), and the simplest appropriate equivalent circuit is a series array of parallel R-C elements [16] , see Fig 1a. In accordance with this approach known as brick layer model, total complex impedance is given by
where R g and R gb represent the grain and grain boundary resistance, while C g and C gb are the grain and the grain boundary capacitance, respectively. In many electroceramics, the resistance of grain boundaries exceeds that of the grains [17] . This can be ascribed to the fact that the atomic arrangement near the grain boundary region is disordered, resulting in a serious increase in electron scattering. The higher boundary resistance also arises from other factors such as a decrease in Fe 2+ ion content in this region [18] Also, the capacitance of grain boundary is usually larger than that of the grain, which is explained on basis that the capacitances are inversely proportional to the thickness of the media. In such system, these two components of ceramic microstructure indicate two distinct relaxation phenomena with sufficiently different relaxation times: τ g = R g C g and τ gb = R gb C gb [19] . Additionally, the relaxation time of the grain boundaries τ gb is much larger than that of the grains τ g , since the semicircle representing the grain boundaries lies on the lower frequency side. In general, all these quantities can be treated as fitting parameters whose values can be evaluated from the best fit to the impedance spectrum. The fitting is relatively unambiguous since the elements of equivalent circuits dominate in different frequency regions.
It is important to note that a proposed circuit, two parallel RC elements connected in series, refers to the ideal Debye-like behaviour in ceramic materials. But in practice, the most electroceramics exhibit non-ideal Debye-like behaviour, so that a constant phase element (CPE) is used in the equivalent circuit to illustrate more fully the deviation from an ideal capacitor [15] , as shown Fig 1b. The CPE has impedance defined as [20] [ ] ,
where parameter A is independent of frequency, and n is the measure of non-ideal behavior having value between 1 and 0 (0 ≤ n ≤ 1). The CPE describes an ideal capacitor with C = A for n = 1 and an ideal resistor with R = 1/A for n = 0. Based on that, total complex impedance reads as follows [16] ( ) ( )
Using the above equation, the equivalent circuit elements can be fitted from the experimental data of impedance spectrum for various materials.
Experimental details 3.1. Preparation
The , respectively, depending upon the progress of formation of spinel ferrite phase. Thus obtained nanosize powders were pressed into disk-shaped pallets using a cold isostatic press. The pellets were then sintered at 1373 K for 2 h (Lenton-UK oven) without pre-calcinations step. Heating rate was 10°C/min, with nature cooling in air atmosphere. The thickness and diameter of sintered samples used for further characterizations are 2.0 mm and 10.0 mm, respectively.
Characterization
The particle size and morphology of soft mechanochemical synthetized powders were investigated using a 200 kV transmission electron microscope (TEM, Model JEOL JEM-2100 UHR). The phase purity and crystal structure of the powder and sintered samples have been characterized using X-ray diffractometer (Model Philips PW 1050) at room temperature. The XRD data was collected using CoKα radiation (λ = 1.78897 Å) at 40 kV and 20 mA (PW 1730 generator) in a wide range of Bragg's angles 2θ (15° ≤ 2θ ≤ 80°) with a scanning step size of 0.05° in a 10 s per step of counting time. The lattice parameter and crystallite (grain) size of the sintered ferrites were calculated from XRD data.
In order to study the electrical properties of MgFe 2 O 4 and MnFe 2 O 4 ferrite ceramics by means of complex impedance spectroscopy, both the flat and parallel surfaces of the samples were polished and contacts were made by high quality silver paste on opposite sides of the pallets. The electrical parameters of sintered ferrites, parallel resistance (R p ) and parallel capacitance (C p ), were measured in a wide frequency range (100 Hz -1 MHz) at different temperatures (298 K -398 K) using a computer-controlled Impedance Analyzer HP-4194A with a laboratory set of temperature control equipment. The experimentally measured parallel values of the resistance and the capacitance were converted and displayed in the form of complex impedance as follows:
The details of this measurement procedure are same as presented in [15] . For fitting and analysis of the impedance data, EIS Spectrum Analyzer software [21] was used with about 2% of fitting errors. (Fig. 2 right) . The peaks are well indexed to the crystal plane of spinel ferrite (k h l) (111), (220), (311), (400), (422), (333), (440) and (533), respectively. The diffraction peaks are fairly broad, which is caused by nanometer size of the crystallites. The average crystallite sizes were calculated from the most intense peak (311) using Scherer's formula [20] . The average particle sizes have been found to be 12 nm and 16 nm for magnesium and manganese ferrites, respectively. The values of crystallite size and lattice parameters deduced from experimental X-ray data are summarized in Tab. I. The lattice constants were calculated using data of inter-planar spacing and corresponding Miller indices (hkl) [15] . Also, Tab. I shows the values of the sintered (bulk) density of the samples which were measured by applying Archimedes' principle at room temperature. 
Complex impedance analysis
The frequency dependence of imaginary part of impedance Z'', usually called as loss spectrum, at selected temperatures is shown in Fig. 4 . In the case of both samples can be seen that the -Z'' value increases initially, reaches the maximum value (Z'' max ) at particular frequency and then it decreases continuously with increasing frequency for given temperatures. The appearance of only one peak in loss spectra at characteristic frequency (ω max = 2πf max ) suggests an existence of single relaxation process in MgFe 2 O 4 and MnFe 2 O 4 ferrites under study. Observed relaxation peaks are due to the existence of the space charge relaxation that dominates when the material is composed of grain and grain boundaries [22] . In both samples, these peaks shift towards the higher frequency side possibly due to an increase in the rate of hopping of charge carriers with the rise of temperature. The shifting of peaks in Z'' also indicates to the decreasing relaxation time of mobile charge carriers with the increase of temperature [16] . A lower relaxation time implies faster movement of mobile carriers and vice versa. Also, it is evident that the magnitude of Z'' maxima decreases with increase in temperature, indicating increasing loss in the resistive property of prepared samples [23] . Generally, the impedance loss spectra were used to evaluate the relaxation time τ of the electrical phenomena occurring in ferrites using the following relation [24] , π 2 1 max 1 max
where f max is characteristic frequency maximum known as relaxation frequency which depends on temperature. Variation of corresponding values τ with inverse of absolute temperature is given in Fig 5. A decrease in relaxation time with temperature can be noted for both ferrites. Also, these graphics follow the Arrhenius dependence [4] ), exp(
where τ 0 is the pre-exponential factor, ΔE represents the activation energy and k B is Boltzmann's constant. From the Arrhenius plots, the activation energies are found to be 0.361 eV and 0.406 eV for MgFe B 2 O 4 and MnFe 2 O 4 samples, respectively. Since τ = (2P) , where P is the hopping probability, the decrease in relaxation time with temperature results in an increase in hopping probability of charge carriers with temperature [4] . The pre-exponential factor τ In order to correlate the electrical properties of synthetized ferrites with their microstructures, the impedance spectra were studied in the wide frequency range from 100 Hz to 1 MHz at several temperatures (298 K -398 K). Fig. 6 shows the measured complex impedance plane plots for MgFe 2 O 4 and MnFe 2 O 4 at selected temperatures. It is evident that Cole-Cole plots clearly show evidence of the existence of only one semicircle, which indicates that the contribution to electrical conductivity arises mainly from the grain boundary and that contribution from the grain is not resolved for both samples within the measuring range up to 1MHz. In the cases of nanocrystalline ferrites, the similar behaviour of impedance spectra with single semicircle was observed by other authors [25, 26] . These results suggest that the grain boundary volume in nanostructured ferrited is high because of the small grain sizes and hence conduction takes place predominantly through the grain boundary [27] . In addition, it is obvious that obtained impedance spectra of MgFe 2 O 4 and MnFe 2 O 4 are temperature dependent, since the diameters of semicircles exhibit decreasing trends with increasing temperature. This indicates decrease in relaxation time and increase in conductivity with rise in temperature. It is usual to the impedance response is interpreted in terms of equivalent circuit model. The shape of the impedance plane plots for ferrites under study suggests that the impedance data can be approximately modelled by an equivalent circuit based on only one parallel R-CPE element shown in the inset of the Fig. 6 . Here, R gb and CPE gb are the resistances and the constant phase elements for grain boundaries, respectively. The parameters R gb , C gb and n gb have been derived by fitting the impedance spectra (within 0.5 -2% fitting errors).
The variation of the fitted parameters is depicted as a function of temperature in Fig.  7 . Evaluated R gb for MgFe 2 O 4 and MnFe 2 O 4 show a strong similarity in their temperature dependence and their values decrease as the temperature increased. This kind of behaviour suggests that the both ferrites possess a negative temperature coefficient of resistance (NTCR) [16] , implying a thermal activated conductivity of these materials. Also, this substantial drop in the R gb provides a clear and unambiguous evidence of grain boundary conduction resulting from reduction in the barrier facilitating thereby mobility of charge carriers with rise in temperature [24] . Further, Fig. 7 right implies the slight variations in parameters C gb and n gb with temperature. The n gb has a slow decreasing trend in the measured temperature range and its values are between 0.835 and 0.817 for MgFe 2 O 4 , i.e. between 0.775 and 0.735 for MnFe 2 O 4 . This tend signifies that the grain boundary capacitance deviates from ideal behaviour as the temperature is increased. The observed decrease in the capacitance of the grain boundaries with increasing temperature may be due to the delocalization of the charge carriers from traps followed by the accumulation of these charges at the grain boundaries, thereby increasing its capacitance as well as space charge polarization effects [28] . Similar results for this behaviour of the grain boundaries capacitance were found by others authors [2, 28] . In the present study, the DC conductivity for grain boundary contribution is calculated using the expression [24] , A
where R gb is the resistance values of the grain boundary which is evaluated from impedance spectra of nanocrystalline ferrites under study. Parameters d and A represent the thickness of sample and area of the electrode deposited on the sample, respectively. Fig. 8 shows the temperature dependence of σ DC . It can be clearly noticed that the nature of the variation is linear and well obeys the Arrhenius relation that is defined by equation [20] :
where σ 0 , E a and k B are the pre-exponential factor, the activation energy of the carriers for conduction and Boltzmann's constant, respectively. In the cases of both ferrites, the DC conductivity increases with rise in temperature showing a typical semiconductor behaviour with negative temperature coefficient of resistance (NTCR) characteristics [29] . Using this Arrhenius plot of grain boundary conductivity, the corresponding activation energies for the thermally activated charge carriers in MgFe 
Conclusions
In summary, nanocrystalline MgFe 2 O 4 and MnFe 2 O 4 spinel ferrites have been synthesis using a soft mechanochemical route and then the powders were sintered at 1373 K for 2 h. The X-ray diffraction analysis confirmed the cubic spinel structure of sintered samples and the average crystallite sizes in the nm-range were determined on the basis of XRD data. Complex impedance spectroscopy was used to characterize the electrical properties of these materials. In the studied frequency range, the impedance spectra of sintered ferrites show the presence of only one semicircle at and above room temperatures. The analysis of impedance data using an equivalent circuit indicates that the electrical properties of the synthetized ferrites are mainly attributed to the processes that are associated with the grain boundaries. The decrease in value of grain boundaries' resistance on increasing temperature suggests the negative temperature coefficient of resistance behavior usually shown by semiconducting materials. In the case of both ferrites, the imaginary part of impedance clearly confirms only one relaxation processes due to grain boundaries. It was found that the relaxation time decreases with temperature and follows Arrhenius dependence. 
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